The significant enhancement of strength is reported for pure K24 gold and its K18 alloys subjected to grain refinement by equal channel angular pressing (ECAP) in comparison with their annealed or ordinary cold-worked counterparts. The effect of strain path on the tensile behavior is discussed from the stand point of mechanical properties and damage evolution during straining. It is shown that although different processing can give rise to substantially different structures, the mechanical properties depend on the pre-strain history only slightly. The ECAP appears to be particularly effective for strengthening of pure gold and Au-Ag solid solutions where the strength can increase by a factor of 3 or 4 while in the precipitation hardenable alloys the effect of grain refinement is masked by other strengthening mechanisms and the strength increases by a factor of 2. The strain localization and features of plastic deformation in ECAP materials are discussed in detail upon in-situ and post-experimental surface observations in differently fabricated samples.
Introduction
Pure (24 carat) gold possesses rather low strength and hardness which imposes significant limitations in design of jewelry art works and other commercial products.
1) The present work is motivated by a challenge to manufacture pure gold and its alloys with substantially improved strength and good workability. Grain refinement is one of the most effective ways for materials strengthening and controlling of ductility, fractures toughness, etc. Recently a variety of materials processing techniques such as high-pressure torsion, accumulative roll bonding, etc. involving severe plastic deformation (SPD) have emerged in attempts to achieve the nano-and submicro-crystalline ultrafine grain (UFG) structure.
2) Equal-channel angular pressing (ECAP) has been developed among others as a cold-working technique which allows imposing a fairly large amount of strain onto a working billet [3] [4] [5] [6] passing through two intersecting channels of the same cross-section, Fig. 1 . Since the cross-section of the sample does not change during working, the ECApressing can be performed repeatedly and SPD occurs in simple shear along the plane OO 0 of intersection between the channels. Hence, the material hardens considerably due to grain refinement and dislocation accumulation so that an unusually high strength can be attained. A prominent feature of ECAP is its flexibility in fabrication of various structures differed by grain size, shape, crystallographic texture, etc. This capability is furnished by a precise control over processing parameters such as back pressure, pressing velocity, temperature and strain path. The latter is most important for the present work. The strain path can be varied by rotating the working billet about its axis through different angles (0 , 90 or 180 ) between subsequent passes in different combinations. [3] [4] [5] [6] [7] [8] [9] [10] The effect of strain path on structure formation has been investigated in many occasions (for example [5] [6] [7] [8] 10) ). Iwahashi et al. 7) have argued that the route Bc (90 rotation between successive pressings, Fig. 1(b) ) is most efficient for formation of high angle grain boundaries during ECAP of pure Al. Contradictory conclusions have been drawn by Gholinia et al. 8) after high resolution electron back scattering pattern investigation in the Al-Mg alloy processed by four different routes. They concluded that route A (0 rotation, Fig. 1(b) ) is most efficient while route C (180 rotation) is least effective for development of high angle grain boundaries. The effect of strain path on mechanical behavior, ductility and fracture has received only limited attention so far and more experimental work is obviously needed to clarify this point.
In the present communication we report on the mechanical behavior of ECAP pure gold and its alloys fabricated using different strain paths. Two competitive routes termed A and Bc have been chosen for ECAP processing. As has been discussed by Segal [3] [4] [5] in detail, the transformation of grain shape during simple shear occurs along the principle strain axes 1 as shown in Fig. 1(a) . The accumulated shear increases the distortion of grains continuously during route A resulting in formation of significantly elongated elliptic grains (or fragments) whose axis approaches asymptotically a longitudinal billet axis with the number of passes, while route Bc has been proven capable of manufacturing a nearly uniform equiaxed grain structure 7) because the billet's orientation reverses completely after each four passes and the shape of structural elements is restored, Fig. 1(c) . An attention in the present work is paid to the careful surface observation of the tensile strained ECAP specimens produced by different routes. Since these specimens have remarkably different grain shapes, the role of grain morphology in plastic deformation and fracture of UFG metals is supposed to be illuminated.
Pure 4N K24 gold, dilute solid solution Au-1 at%Ag and the K18 gold alloys such as Au-25Ag (mass%) -the single phase solid solution and Au-12.5Ag-12.5Cu (mass%) -the precipitation hardenable alloy have been investigated to shed light on the role of SPD in the enhancement of materials properties when different strengthening mechanisms contribute to a resultant strength. Among these mechanisms we should list the followings. (1) Dislocation hardening due to dislocation storage in the grain interior. (2) Hall-Petch or grain boundary (GB) hardening which is associated with grain fragmentation. (3) Strengthening via texture formation by varying the fraction of grains with ''hard'' and ''soft'' crystallographic orientations. These three mechanisms operate in all ECAP materials involved. (4) The effect of the short order, which becomes pronounced in dilute solutions while the stacking fault energy (SFE) remains practically unchanged (Au-1 at%Ag). (5) Solid solution strengthening, which dominates in alloys with a high concentration of solvents (Au-25Ag). (6) Particle strengthening in multiphase systems (Au-12.5Ag-12.5Cu). Hence, the materials employed in the present study involve all these mechanisms in various combinations, which is supposed to be useful to clarify the role of individual constituent mechanisms in the resultant properties of UFG SPD metals.
Experimental
The ECAP has been performed at room temperature with a pressing velocity of 0.1 mm/s, using a die-set with sharp corners between two square channels of 10 Â 10 mm 2 crosssection intersecting at 90
. The rectangular grids were scribed on the bottom and flow planes of each billet to monitor the uniformity of plastic deformation during multiple pressing as illustrated in Fig. 2 where the regular simple shear pattern is evident after the first ECA-pass. Up to four pressings have been carried out, i.e. the total strain intensity in the billet reached " i % 4:60. After each path through the die, the Vickers micro-hardness HV was measured at the central part of the billet on the flow and bottom planes using a dynamic ultra-hardness tester Shimadzu DUH-1.0 at 10 g load and 15 s exposure time. The average over at least 5 measurements was calculated. The Au-12.5Ag-12.5Cu alloys were ECA-pressed up to 4 passes via route Bc after quenching from 600 C (40 min) into water. A half of the billet was left in the as-ECAP state while a second half was subjected to aging at 300 C for 1 h. The optimum aging conditions were found experimentally in a series of heat treatments at different temperatures between 250 and 325 C. Tensile tests were carried out on a screw driven testing machine at a nominal strain rate 1 Â 10 À4 s À1 and the engineering strain was estimated as a cross-head displacement related to an initial length of the specimen's gauge part. The samples for mechanical tests were shaped by spark erosion and then mechanically polished to a mirror finish with a 1 mm grade diamond paste. During the test, the specimen surface was continuously observed by a long-focus Keyence VHX-100 microscope and the digital images were obtained automatically each 15 seconds from the moment corresponding to the ultimate tensile strength. After the test the surface was observed by a scanning electron microscope JEOL 6500-FEM.
Results and Discussion

Mechanical properties
The results of Vickers hardness measurements are shown in Table 1 for the ECAP and reference materials. As could be expected from many former results, the HV magnitude increases after ECAP by a factor of 3 or 4 if compared to the annealed specimens. The strengthening factor SF is introduced in Table 1 as a ratio of HV or UTS for the UFG materials and their annealed (O) or quenched (Q) counterparts: SF HV = HV(UFG)/HV(O) and SF UTS = UTS (UFG)/ UTS (O). Pure fcc metals such as ECAP Cu can recover during holding even at room temperature.
11) It was suggested that the high stacking fault energy SFE % 78 mJ/m 212) and, consequently, the high dislocation mobility is responsible for relatively low thermal stability and rapid recovery in ECAP did not recover within 6 month keeping at ambient conditions, as shown in Fig. 3 . The monotonic stress-strain curves of ECAP samples are weakly dependent on the strain path, Fig. 4 . The specimens processed via route Bc demonstrate a slightly higher yield stress y , ultimate tensile strength UTS and plastic strain to fracture than the samples processed by route A. However, the noticed difference is as small as 5%, which appears to be within the regular experimental scatter for ECAP specimens. Dupuy and Rauch 10) have reported on the advantage of route B in strength enhancement of ECAP fabricated Al-alloys in comparison with route A. This effect has been associated with the higher amount of latent hardening and higher activity of the previously latent slip systems when the strain path changes after 90 rotations of the billets. We should notice that the ultimate strength of UFG 4N Au reaches of 245 MPa, whereas the typical strength of the same purity ordinary gold has been reported by Shell and Hollenback 1) at the level of 108 MPa. The addition of as small as 1 at% silver does not affect notably the stacking fault energy and the mechanical properties of gold, i.e. the effect of short order strengthening in the ECAP Au alloys is negligible. To the contrast, a very significant rise in the strength and hardness is found in the K18 Au-25Ag alloy, Table 1 , which is indicative of a good workability of solid solutions and their high potential for strengthening by means SPD. This result highlighting the effect of the stacking fault energy on strain hardening is well understood. For example, Meakin and Petch 13) have demonstrated about 40 years ago that the slope k y of the yield stress dependence on the grain size d
( 0 -the material property) increases with decreasing stacking fault energy, i.e. it is plausible to expect that the planar-slip materials with relatively low staking fault energy will benefit more from grain refinement.
An extremely high strength exceeding 1 GPa was obtained in the precipitation hardenable Au-Ag-Cu composition after ECAP followed by aging at 300 C for 1 h, while the conventional rolling to 75% cross-section area reduction increases the strength value up to maximum 685 and 835 MPa before and after aging, respectively. Furthermore, the peak-aged 64Au-Ag-Cu commercial alloy has the UTS value of 555 MPa 14) (the reference material has even lower purity than K18 gold). Although the strength of K18 gold alloys after ECAP reaches rather high magnitudes the ductility remains remarkable, at least before aging. Comparison of the stress-strain curves of ECAP materials before and after aging reveals that precipitation hardening contributes substantially to the resultant strength, i.e. the role of the secondary phase particles in overall hardening is comparable with the Hall-Petch and dislocation hardening. In other words, the cumulative effect of grain refinement and dislocation accumulation during SPD is to some extent masked by aging. Two features in the stress-strain behavior of ECAP materials can be noticed: (1) the difference between the apparent yield stress and the ultimate tensile strength is small, i.e. the strain hardening is diminutive and (2) the engineering stress reduces quickly after the ultimate tensile stress, indicating a rapid macro-localization of plastic deformation (necking).
3.2 Surface evolution and fracture development 3.2.1 Pure Gold and Au-Ag solid solutions
Despite the similar mechanical properties, the specimens processed in different ways reveal considerably different deformation markings on the surface during straining. The in situ monitoring of the surface relief by a digital microscope allows clarifying the deformation behavior and the details of strain localization. Figure 5 compares the surface relief development in an annealed (O) and ECAP Au-1 at%Ag 5(c) , extending over the whole specimen and leading to ductile fracture. The slip markings on the surface of ECAP samples become distinguishable near the ultimate tensile stress. As shown in Fig. 5(e) , the specimen A reveals the fine deformation bands oriented approximately at 7 to the specimen axis. As deformation proceeds, the deformation bands in one of the shear directions (about 45 to the loading axis) emerge on the surface, Fig. 5(f) . We should underline that these bands are aligned with the shear plane OO 0 of the last ECA-pressing. One more system of shear bands appears visible after the primary ones. They are finer and less pronounced than the primary shear bands. This system is conjugate to the primary one and its appearance can be caused by symmetry reasons, i.e. by the necessity to compensate the rotation moments created by the primary system of shear bands. All slip markings coarsen with strain, Fig. 5(g ) and the interaction between them determines necking, nucleation of microcracks and final ductile failure via a slide-off mechanism with very high plastic strains localized in a macroscopic shear band, Fig. 5(h) .
In the specimen Bc the surface relief development differs from that in the specimen A. No deformation bands or other specific markings have been noticed on the surface in the direction parallel to the specimen axis. The first traces of plastic deformation appear as the shear bands oriented at 45 to the loading axis, Fig. 5(i) . We should stress once again that these first bands are aligned specifically with the OO 0 shear plane of the last ECA-pressing. As deformation proceeds, the second system of shear bands comes into play symmetrically to the primary system as shown in Fig. 5(j) . Just like in the specimen A, the interaction between these two systems of shear bands determines the further development of strain localization, Fig. 5(k) , microcracking and ductile fracture by a slide-off mechanism without macro-crack formation, Fig.  5(l) .
Segal et al. 6) have discussed the structure formation during multiple pressing via route A and shown from the standpoint of mechanics that the structural units such as grains should deform along the principle strain axis and the angle N between the specimen axis and the long grain axis after N pressings, Fig. 1(c) , can be calculated as
For the number of passes N ¼ 4 this equation gives 4 ¼ 6:8 which is in good agreement with our observations of the slip markings on the surface of Au and Au-1 at%Ag ECAP (4A passes) specimens subjected to tensile straining, Fig. 5(d) . Hence, one can conclude that the longitudinal deformation bands and micro-cracks, which will be shown later, are associated with the specific elongated microstructure formed during processing via route A. This structure is lacking in the specimens produced via ''symmetrical'' route Bc and no longitudinal markings emerge on the surface.
It is worth noticing that at larger strains the dominance of rotational modes of deformation in the well developed neck region becomes quite evident in all Au, Au-1 at%Ag and Au25Ag specimens with nearly equiaxed grains produced by route Bc. Figure 5(k) illustrates the appearance of large-scale plastic vortexes in the neck region of ECAP Au-1Ag alloys prior to failure. This effect has been described for a wide range of materials in the so-called meso-mechanics approach developed by Panin and co-authors. 15, 16) When the size of such a vortex becomes comparable with the specimen dimension (thickness) the specimen looses its stability and fracture occurs in a ductile manner by a slide-off mechanism without formation of a macroscopic crack as we observe experimentally. On the other hand, the appearance of plastic rotations and vorticity is less visible in the specimens with elongated grains produced by route A because plastic rotations of elliptic grains and their groups are much more constrained than those of equiaxed structural units. These two scenarios of structural evolution on the meso-and macroscale shown in Fig. 5 are common for all investigated pure and solid solution specimens and the way of damage evolution is pre-determined by the manufacturing history or, to be more specific, by the ECAP strain path.
A close-up SEM surface investigation after tensile testing reveals numerous micro-cracks aligned with the deformation bands in the shear directions, Fig. 6 , for all ECAP Au and AuAg specimens. These cracks form a regular network with a typical size of the cell in this network of 10-20 mm exceeding any characteristic size of structural units (e.g. grain size) in ECAP metals. We should mention that the cracks shown in Fig. 6 are confined to an intimate surface layer only and do not propagate through the sample even on the latest deformation stage as is evident from Figs. 6 and 7. The crack penetration depth did not exceed 200-400 nm which corresponds to the typical grain size of ECAP metals. Similar observations have been formerly reported for ECAP Ti. 16) The crack nucleation at the surface of the strengthened materials is not surprising because the intensive surface roughening and shear banding promotes crack nucleation at the surface offsets. The size of the surface cracks is far too small to affect the macro-mechanic behavior of the massive specimen, however the cracks initiated at the surface can serve as effective stress concentrators facilitating local plastic deformation which occurs in the form of shear bands which are evident in Fig. 7 . The blunting of sharp cracks is very common in ductile metals and is a main reason for nonpropagation of surface cracks and high fracture toughness in these materials. The crack blunting is often associated with the emission of dislocations or, to be more general, with plastic deformation induced at the crack tip. Although the mechanisms other than dislocation glide (grain boundary sliding, for instance) could be involved into plastic flow of UFG metals produced by SPD, 2, 18) the conventional dislocation slip should not be disregarded as an elementary act of plastic deformation in these materials. 19, 20) Figure 7 illustrates the intensive plastic flow which occurs after surface crack formation. This plastic deformation 2204 T. Suzuki, A. Vinogradov and S. Hashimoto occurs in the form of large-scale shear bands with clustered deformation markings extending over long distances. As a result, when deformation proceeds one can notice remarkable local displacements of the crack faces in both shear and longitudinal directions. The relief of these shear bands is quite ductile, resembling a superplastic flow. Apparently, the voids and micro-cracks nucleate at the surface after considerable amount of plastic deformation and surface markings development. The details of void nucleation and growth are presented in Fig. 8 . Figure 8 (a) shows a gauge part fragment of the ECAP Au-1 at%Ag specimen manufactured by route A. Microscopic voids of less than 50 nm dimensions are visible. As deformation proceeds, Fig.  8(b) , the voids grow up in one of shear directions primarily so that the alignment of cracks with the shear planes becomes pronounced. The wedge-like void initiated at the triple 
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junctions and the mode II cracks are noticeable. The growth and coalescence of these flaws along the shear planes gives rise to the crack networks shown in Fig. 6 . Additionally, we should notice that in the specimens produced by route A, the intersection of the longitudinal deformation bands and shear bands gives rise to micro-crack initiation as shown in Fig.  8(c) .
Precipitation hardenable Au-12.5Ag-12.5Cu Alloy
The surface development and damage accumulation in UFG Au-12.5Ag-12.5Cu differs from that in pure gold and Au-Ag solid solutions. Figure 9 represents different stages of surface development in the Au-12.5Ag-12.5Cu alloys after rolling (a)-(c), 1 ECAP pass (d)-(f) and 4 Bc passes (g)-(i). The plastic flow in the rolled sample commences in the form of deformation bands oriented nearly normally to the loading axis, Fig. 9(a) . At the same time, the fine shear bands oriented in the planes of maximum shear stresses emerge on the surface. Two conjugate macroscopic deformation bands, Figs. 9(b) , form rapidly and then coarsen with straining, leading to fracture finally. The longitudinal deformation bands aligned with rolling direction are also evident, Figs. 9(b) and (c), similarly to those in the ECAP samples manufactured by route A. The scenario of surface development in the ECAP specimen is quite different even in the specimen subjected to only one ECA-pressing. Let us notice that the effective strain imposed onto the specimen during rolling with 75% cross-section area reduction and after 1 ECA-pressing through the 90 tool and are approximately the same.
3) Both rolled and ECAP structures are characterized by a significant anisotropy of the grain shapes. Nevertheless, the surface features after tensile straining look quite differently. The ECAP sample after yielding reveals the deformation bands which are inclined to specimen axis at about 22.5 , Fig.  9(d) , which is also in good agreement with eq. (2) and Fig. 1 . While the damage of the rolled specimen occurs through the interaction of two very coarse conjugate shear bands, the deformation of the ECAP sample evolves by many relatively fine shear bands filling uniformly the specimen gauge part approximately parallel to the ECAP shear plane.
A very peculiar surface appearance was noticed in ECAP Au-12.5Ag-12.5Cu after tensile test, Figs. 9(g) and (h). One can see a quite regular macroscopic pattern of deformed regions with wavy relief and non-deformed bands of mirrorlike surface denoted in Fig. 9 (h) as A and B, respectively. A similar pattern is observed for both aged and not-aged ECAP specimens. We notice once again, that the long shear bands extending over the whole specimen at 45 to the longitudinal axis are parallel to the OO 0 shear plane of the last pressing. The Vickers hardness measurements in about 20 points in each marked in Fig. 9 (h) region show that the hardness of the B-regions corresponds to that of the as-fabricated specimen while the region A has the HV value by 20 MPa greater. The nature of this geometrically regular surface pattern is not understood from the standpoint of microstructure. It is apparent that its spatial scale is much greater than any characteristic size of structural units in ECAP metals having a grain size of 200-500 nm. Perhaps, the appearance of such a long-wave pattern is reasoned by meso-mechanics of plastic deformation. 16, 17) Let us notice that the final fracture occurred along the shear plane OO 0 of the last ECA-pressing, Fig. 9 (i), which seems to be common for all ECAP materials tested. Even the uniform equiaxed structure produced by route Bc inherits the deformation features associated with the direction of the last simple shear. This memory of the pre-strain history indicates undoubtedly a particular role of the last pressing in ECAP. The mechanism of this memory is not clear yet. However, it can be speculatively supposed that this mechanism is related to a specific texture developing in the ECAP metals 2, 9, 21, 22) because the grains rotate in a way ensuring the most of slip planes to be aligned with the shear plane for all processing routes to facilitate deformation during simple shear.
Summary and Conclusions
High strength gold and gold alloys with good workability have been fabricated by severe plastic deformation via ECAP using two considerably different routes A (0 rotation between subsequent passes through the die) and Bc (90 rotation) anticipating different grain morphology in the specimens with approximately the same imposed effective strain. It has been found that (1) the strain path exerts little effect on the mechanical properties of pure gold and Au-1 at%Ag alloy at least as long as the number of passes N through the die is relatively small (N ¼ 4, in the present study) despite the substantially different crystallographic and metallographic textures produced during fabrication with 0 and 90 rotations of the billet between successive passes. (2) A very high strength is obtained in pure K24 gold and its K18 alloys which has not been achieved by conventional drawing or rolling technique. (3) The structure of ure gold produced by ECAP is relatively stable. It does not reveal any recovery during holding of the as-fabricated billets at room temperature. (4) An essential role of the shear plane of the last pressing for the surface relief development, strain localization and fracture is argued from the in-situ and postexperimental surface observation of the mechanically tested samples: the first slip markings, shear bands, micro-cracks and final fracture occur primarily along the shear plane of the last ECA-pressing. (5) The intersection of shear bands serves as a site of preferential void and crack nucleation. (6) The specimens fabricated by route A (0 rotations) and Bc (90 rotations) exhibit notably different scenarios of surface relief evolution associated with different grain morphology. However, common features of plastic deformation and fracture are also quite pronounced. These common features include (i) considerable amount of plastic deformation before crack nucleation occurs, (ii) plastic deformation along the conjugate shear planes with one dominant system (the one aligned with the shear plane operating during the last pressing) (iii) formation of a regular network of surface microcracks, (iv) macroscopic strain localization along the Strength Enhancement and Deformation Behavior of Gold after Equal-Channel Angular Pressingshear plane and (v) ductile fracture. (7) A variety of self-organized deformation patterns has been observed on meso-and macro-scopic scale, including: (i) regular network of surface cracks (10-20 mm scale), (ii) quasi-periodic arrangement of longitudinal deformation bands nearly parallel to the specimen axis in the specimens produced by route A (200 mm scale), (iii) a specific regular deformation pattern in the UFG tensile strained Au-12.5Ag-12.5Cu (500 mm scale), (iv) plastic vortexes in the specimens produced via route Bc (1 mm scale). The large spatial scale of these patterns, exceeding the typical grain size of 2 mm, allows us to suppose that highly correlated deformation processes occur in the SPD metals with ultra-fine grain sizes. The formation of these patterns with long-wave special order can be presumably explained within synergetic principles of physical meso-mechanics. The ECAP possesses potential for further improvement of ductility by increasing the number of passes. 17) However, because of production cost associated with ECAP of precious metals, the demanding mechanical properties should be judiciously specified upon the industrial design and can be attained probably within a small number of pressings.
